Traditional methods for detecting lactoperoxidase (LP) are complex and time-consuming, so a test strip was made based on the enzymatic reaction principle to enable quick and convenient detection of LP in raw milk. In this study 0.1 mol/L citric acid (CA)/0.2 mol/L disodium hydrogen phosphate (NaP) buffer solution (pH 5.0), 22 mmol/L 3,3',5,5'-tetramethylbenzidine (TMB), 0.6 mmol/L hydrogen peroxide (H 2 O 2 ), and 0.5% Tween-20 or 0.3% cetyltrimethyl ammonium bromide (CTAB) were optimal for preparing a quick, sensitive, and accurate LP test strip. The coefficient of variation (CV) of the estimated LP concentrations ranged from 2.47% to 6.72% and the minimum LP concentration detected by the test strip was 1-2 mg/L. Estimates of active LP in sixteen raw milk samples obtained using the test strip or the TMB method showed a good correlation (r=0.9776). So the test strip provides a quick, convenient, and accurate method for detecting the LP concentration of raw milk.
Introduction
Lactoperoxidase (LP, EC 1.11.1.7) is a member of the peroxidase family, a group of natural enzymes, and consists of a single polypeptide chain containing 612 amino acid residues. Its molecular mass is about 78 kDa (Singh et al., 2008) . LP is widely distributed in the mammary, salivary, and lacrimal glands and their secretions Montiel et al., 2012) . LP is one of the most heat stable enzymes in milk (Griffiths, 1986; Shakeel-urRehman and Farkye, 2003) and its destruction has been used as an index of the pasteurization efficiency of raw milk. LP is only partially inactivated by short pasteurization at 74 C (Wolfson and Sumner, 1993) . Marks et al. (2001) confirmed that LP retains its activity during normal pasteurization (63 C for 30 min or 72 C for 15 s), but is destroyed by pasteurization at 80 C for 4 s (Seifu et al., 2005) . LP is also used as diagnostic indicator of subclinical mastitis in cows' milk (Isobe et al., 2011) . LP and thiocyanate, together with hydrogen peroxide (H 2 O 2 ), forms the LP system (LPS), which is considered to be the most significant microbial inhibitor, not only in milk and milk products (Boulares et al., 2011) , but also in fish farming and functional foods . LP has also been shown to have medicinal value (Tenovuo, 2002; Shimizu et al., 2011) . Due to the important applications of LP, it is important to be able to detect its activity in milk and milk products during their processing, transportation, and storage.
Many methods for detecting LP have been reported, mostly based on color reactions. Kumar and Bhatia (1999) used 2,2'-azinobis-(3-ethyl benzthiazoline-6-sulphonie acid) (ABTS) as a chromogenic substrate to standardize a spectrophotometric method to measure LP activity in milk. ABTS and guaiacol were used as detection substrates to study the effect of high pressure treatment on denaturation of LP (Pinho et al., 2011; Mazri et al., 2012) . Fonteh et al. (2005) verified that LP activity is affected by various compounds present in the ABTS reaction system. 3,3',5,5'-Tetramethylbenzidine (TMB) was used to detect LP activity in human milk (Shin et al., 2000) . In these LP detection methods, milk samples must be pretreated, the detection procedures are complex, and highly skilled laboratory technicians and sophisticated equipment are needed. Therefore, the development of a quick and convenient LP detection method with high sensitivity and accuracy is of great importance theoretically and practically for the collection of raw milk and online processing of dairy products containing LP. In this study, based on the enzymatic reaction, TMB was used as the chromogenic substrate to develop a rapid and simple test strip for LP detection for use in the processing of raw milk and related milk products containing LP.
Materials and methods

Materials
Commercial bovine LP (EC 1.11.1.7) and Triton X-100 were purchased from the Sigma Chemical Co. (St. Louis, USA). TMB was obtained from Yuanye Biotechnology Co. Ltd. (Shanghai, China). H 2 O 2 solution (30%) was supplied by the Tianli Chemical Reagent Co. Ltd. (Tianjin, China). Polyvinyl chloride (PVC) offset, used to fix the test strips, was purchased from the Shanghai Kingbo Biotech Co. Ltd. (Shanghai, China). All other reagents were of analytical grade.
Preparation of test strips
Homogeneous buffer solution (10 ml) and TMB solution (0.25 ml) were freshly prepared and mixed. Surfactant solution (0.5 ml) was added to this mixture, which was then stirred gently for 2 min. Subsequently, a piece of filter paper (3 cm×5 cm) was steeped in the solution for 1-3 min. The test strip was dried for 20 min in a vacuum drying chamber at 35 °C. Finally, the test strip was cut into sections (0.5 cm×0.5 cm) using a strip cutter, and pasted onto a PVC offset used as the reaction zone.
LP detection using the test strip
An aliquot of H 2 O 2 (3 μl) was added to the test strip. Subsequently, 3 μl of a milk sample was also placed on the test strip. After 3 min of the chromogenic reaction, the test strip was placed in the detection zone of the color analyzer. The reflection intensity of the test strip was measured and recorded at 655 nm. A flow chart of the method for detecting active LP in a milk sample is shown in Fig. 1 . The lower the reflective intensity, the higher the concentration of active LP detected in the milk sample. Control measurements were obtained using milk samples not containing LP. Each experiment was carried out three times.
The color analyzer consists of mechanical, optical, and circuit systems. The mechanical system includes mainly transfer, sampling, and testing devices. The optical system comprises an optical source, a monochrome processor, and photoelectric exchange equipment. A light emitting diode (LED) is used as the optical source and is fixed above the reaction zone of the color analyzer, which can emit light at a specific wavelength. First, reflection intensity signals are converted into specific digital signals by photoelectric conversion, signal amplification, and analog/digital (A/D) conversion. Subsequently, the digital signals are processed and converted to display data (reflective intensity values). Finally, reflective intensity values are printed. In the preparation of the test strip, to investigate the effect of the pH of the buffer, the pH values of the 0.1 mol/L citric acid (CA)/0.2 mol/L disodium hydrogen phosphate (NaP) buffer solution were adjusted to 4.0, 4.4, 5.0, 5.4, or 6.0. Subsequently, these buffer solutions (10 ml) were mixed with 0.25 ml of TMB solution and 0.5 ml of surfactant solution. The test strip was prepared using the above mixture, and LP was detected using the color analyzer.
Effects of TMB concentration on test strip detection
TMB was used as the chromogenic agent in the detection system. TMB solutions at concentrations of 10, 15, 20, and 25 mmol/L were prepared. A total of 0.25 ml of different concentrations of TMB solution were mixed with 10 ml of buffer solution and 0.5 ml of surfactant solution. The test strip was prepared using the above mixture and LP was detected using the color analyzer.
Effects of H 2 O 2 concentration on test strip detection
H 2 O 2 (3 μl) at concentrations of 0.5, 0.6, 0.7, 0.8, 0.9, or 1.2 mmol/L was added to the reaction zone of the test strip, followed by 3 μl of LP sample. LP on the test strip was detected using the color analyzer.
Effects of surfactant selection on test strip detection
To enhance the sensitivity and uniformity of detection, 0.5% (5 g/L) sodium dodecyl sulfate (SDS), 0.3% Triton X-100, 0.3% (3 g/L) cetyltrimethyl ammonium bromide (CTAB), and 0.5% Tween-20 were used as surfactants in the preparation of the test strips.
Determination of LP concentration by the TMB method
LP was determined spectrophotometrically using a UV-visible spectrophotometer (UV-2401PC, Shimadzu, Co. Ltd., Japan). The reaction mixture consisted of 2 ml of 0.1 mol/L CA/0.2 mol/L NaP buffer solution (pH 4.8), 0.05 ml of 20 mmol/L TMB solution, and 0.3 ml of 0.6 mmol/L H 2 O 2 . The reaction was started by adding 0.1 ml of LP sample. After vortexing for 3.5 min at room temperature, absorbance (y) was recorded at 655 nm. A calibration curve was obtained by using 2-12 mg/L LP as a standard (y=0.08x−0.14, with LP concentration (x) expressed in mg/L, R 2 =0.985). The LP concentration of each milk sample was calculated according to the equation of the calibration curve.
Evaluation of LP detection by the test strip
The concentration of LP in five milk samples was determined using the test strip method. Each determination was carried out six times. The coefficient of variation (CV) of the estimates was calculated.
To obtain the minimum LP concentration detectable by the test strip, a milk sample containing 5 mg/L LP was diluted with deionized water to 2.000, 1.000, 0.500, 0.050, and 0.025 mg/L. The LP concentration of each diluted sample was determined using the test strip. Each determination consisted of three replicates.
The correlation between the results from the test strip method and the TMB detection method was determined based on estimates of the LP concentration in sixteen milk samples.
Statistical analyses
Three independent experiments were conducted to optimize the test strip for the measurement of LP, including tests on the effects of the pH of the buffer solutions, TMB and H 2 O 2 concentrations, and the selection of surfactants. SPSS 17.0 for windows (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data are expressed as means with standard deviations (SD). Significant differences (P<0.05) among means were identified using Duncan's multiple range tests and independent sample t-tests.
Results and discussion
Effects of pH of the buffer solution on test strip detection
LP has high catalytic activity at its optimum pH value. In this test, the optimum pH value of LP was determined by using TMB as the chromogenic substrate. The effects of different pH values of the 0.1 mol/L CA/0.2 mol/L NaP buffer solution on test strip detection are shown in Fig. 2a . Reflective intensity significantly decreased in the pH range from 4.0 to 5.0 (P<0.05). This indicated that the chromogenic reaction catalyzed by LP was significantly enhanced. However, the reaction rate gradually decreased when the pH of LP was higher than 5.0, indicating that LP activity was inhibited. The pH range of the buffer solutions was narrowed to obtain the optimum pH value of the test strip (Fig. 2b) . The reflective intensity of the test strip decreased in the pH range from 4.4 to 5.0, and then increased significantly in the pH range from 5.0 to 5.2 (P<0.05). Therefore, the optimum pH value of the 0.1 mol/L CA/0.2 mol/L NaP buffer for LP detection using the test strip was 5.0. This result is in accordance with the studies conducted by Bardsley (1985) , Kumar and Bhatia (1999) , and Pruitt et al. (1990) , who reported that the optimum pH of the LP catalyzed reaction using ABTS as a substrate lay between 5 and 6, depending on the concentrations of ABTS and H 2 O 2 .
Effects of TMB concentration on test strip detection
The amount of TMB immobilized in the test strip carrier directly influenced the sensitivity of the test strip. Therefore, it was necessary to investigate the effect of different TMB concentrations. Reflective intensity gradually decreased when the TMB concentration ranged from 10 to 20 mmol/L (P<0.05; Fig. 3a) . However, when the TMB concentration was 20 or 25 mmol/L, there was no significant difference in reflective intensity of the test strip (P>0.05). The TMB concentration range was narrowed to obtain the optimal TMB concentration of the test strip (Fig. 3b) . The reflective intensity of the test strip declined in the TMB concentration range from 16 to 22 mmol/L, and then increased significantly (P<0.05). Therefore, the minimum reflective intensity of the test strip was obtained at a TMB concentration of 22 mmol/L. 
Effects of different H 2 O 2 concentrations on test strip detection
During LP detection, the reaction rate depends on the concentration of the chromogenic substrate, and particularly on the H 2 O 2 concentration (Pütter and Becker, 1983) . So it was important to obtain the optimal H 2 O 2 concentration for LP detection using the test strip.
The effects of different H 2 O 2 concentrations on test strip detection are shown in Fig. 4 , at a concentration of 22 mmol/L TMB and 0.1 mol/L CA/ 0.2 mol/L NaP (pH 5.0). The reflective intensity of the test strip decreased with increasing concentrations of H 2 O 2 from 0.5 to 0.6 mmol/L, and slightly increased when H 2 O 2 concentration was over 0.6 mmol/L (P<0.05). This confirmed that inhibition or partial inactivation of LP occurs at higher H 2 O 2 concentrations (Shindler et al., 1976) . To achieve the minimum reflective intensity, 0.6 mmol/L H 2 O 2 was selected for the test strip determination of LP activity.
Effects of surfactant selection on test strip detection
The surfactant is composed of hydrophilic and nonpolar hydrophobic groups, which can significantly reduce the surface tension of water. Surfactants are often used as good compatibilizers in spectrophotometric analysis (Li et al., 2012; Liu et al., 2013) . For the detection of LP in mature human milk, Shin et al. (2000) used 0.01% Triton X-100 to enhance the sensitivity and uniformity of the reaction. Therefore, the effects of surfactant selection on LP detection using the test strip were examined. The results showed that 0.5% SDS, 0.3% Triton X-100, 0.3% CTAB, and 0.5% Tween-20 could significantly enhance the chromogenic reaction (P<0.05), compared with that of the control groups (Fig. 5) . There was no significant difference in reflective intensity between 0.5% Tween-20 and 0.3% CTAB (P>0.05). Furthermore, the reflective intensity of test strips prepared using 0.5% Tween-20 was significantly lower than that of strips prepared using 0.5% SDS and 0.3% Triton X-100 (P<0.05). Therefore, 0.5% Tween-20 or 0.3% CTAB was used as the optimal surfactant for test strip detection of LP.
Evaluation of LP detection using the test strip
During test strip detection, the relationships between LP concentrations and the reflective intensity of the test strip were analyzed (Fig. 6) . The coefficient of determination was 0.9873 for the equation of the calibration curve (y=−27.686x+ 1199.6). This indicated that the test strip for LP detection was reliable for quantitative determination of LP concentrations.
Reproducibility in the performance of the test strips was investigated using five milk samples containing LP (Table 1 ). The CV ranged from 2.47% to 6.72% (n=6) for all concentrations of LP evaluated. This indicated that test strip detection had good reproducibility. The relationship between the LP concentration in milk samples and the reflective intensity of the test strip is shown in Fig. 7 . Compared with the control group, there were no significant differences in reflective intensity among the LP concentrations at 0.025 and 0.500 mg/L (P>0.05). However, compared with the control group, reflective intensity showed significant differences (P<0.05) as the LP concentration rose to 1.000 or 2.000 mg/L. Therefore, the lowest LP concentration detectable by the test strip was between 1.000 and 2.000 mg/L.
A comparison of active LP concentrations in sixteen different milk samples estimated using the test strip method and the TMB method led to the regression equation (y=0.9718x−0.6398) (Fig. 8) . The correlation coefficient between active LP concentrations estimated by the test strip method or the TMB method was 0.9776. Thus, detection by the test strip was highly accurate.
During testing for LP using the test strip, milk samples can be directly examined without pretreatment. Qualitative LP analysis was achieved within a few seconds by observing a color change of the test strip from white to light blue. Quantitative LP analysis could be accomplished using the test strip within 3 min. In summary, the test strip is a quick, convenient, and accurate method for detecting LP.
Conclusions
A test strip was developed for analysis of LP in raw milk and related dairy products. The optimal preparation conditions of the test strip for LP detection included a 0.1 mol/L CA/0.2 mol/L NaP buffer solution (pH 5.0), 22 mmol/L TMB, 0.6 mmol/L H 2 O 2 , and 0.5% Tween-20 or 0.3% CTAB. The CVs of test strip estimates were below 7%, indicating good repeatability. The lowest LP concentration detectable using the test strip was between 1.000 and 2.000 mg/L. Results from the test strip method for quantification of LP concentration correlated well with those from the TMB method. The test strip method has advantages of rapidity, simplicity and accuracy, and does not require highly skilled laboratory technicians and sophisticated equipment for online LP detection during raw milk collection and its related dairy processing.
